Acute spinal cord injury has an annual incidence of 15-40 per million population worldwide and is mainly caused by traffic accidents, falls, sports and violence [1] . Up to one third of these injuries may be due to the burst fracture of a vertebral body, which results in the propulsion of a bone fragment into the spinal canal. The mechanical damage this fragment causes as it impinges on the spinal cord may lead to a secondary patho-physiological cascade causing further deterioration in the cord function and general health of the patient. Despite such serious consequences, the biomechanics of the bone fragment and spinal cord interactions is not well understood. The final position of the bone fragment within the spinal canal -as seen on post-injury CT scans -has not been found to correlate strongly with the level of neurological deficit even though experiments suggest that the degree of neurological damage increases with amount of deformation of the cord [2]. However, a correlation has been found between energy available at the time of trauma and the degree of neurological deficit [3], suggesting that the dynamic injury biomechanics are a key factor in determining the neurological outcome.
INTRODUCTION
Acute spinal cord injury has an annual incidence of 15-40 per million population worldwide and is mainly caused by traffic accidents, falls, sports and violence [1] . Up to one third of these injuries may be due to the burst fracture of a vertebral body, which results in the propulsion of a bone fragment into the spinal canal. The mechanical damage this fragment causes as it impinges on the spinal cord may lead to a secondary patho-physiological cascade causing further deterioration in the cord function and general health of the patient. Despite such serious consequences, the biomechanics of the bone fragment and spinal cord interactions is not well understood. The final position of the bone fragment within the spinal canal -as seen on post-injury CT scans -has not been found to correlate strongly with the level of neurological deficit even though experiments suggest that the degree of neurological damage increases with amount of deformation of the cord [2]. However, a correlation has been found between energy available at the time of trauma and the degree of neurological deficit [3] , suggesting that the dynamic injury biomechanics are a key factor in determining the neurological outcome.
Experimental observations have shown that the cerebrospinal fluid has a significant effect on the cord-fragment interaction in modulating the maximum deformation of the spinal cord [4] . However, these invitro investigations are fraught with difficulties including those surrounding tissue handling and cord degradation. An alternative approach may be the use of computational models that allow a closer interrogation of the strain field within the cord and the consequences of different input parameters and boundary conditions.
The aim of the present study was to develop a finite element model of the traumatic interaction between the bone fragment and the spinal cord, which, for the first time, includes the cerebrospinal fluid. This model was then used to explore the effects of bone fragment impact areawhich can vary within and between patients as well as with impact energy -on cord deformation.
METHODS
A three-dimensional finite element model of the impact between a simulated bone fragment and the spinal cord was built in ADINA ® (ADINA R&D Inc., Watertown, MA), permitting the simultaneous solution of fluid and structural equations.
The model was built to replicate previous experimental tests [5] where repeated transverse impacts of simulated bone fragments onto detached bovine spinal cords were performed ex vivo. Three simulated bone fragments with different impact areas were propelled onto the spinal cord surrounded by dura mater and cerebrospinal fluid, then onto the cord surrounded by dura mater only and finally directly onto the bare cord. Saline solution was used in the experiments to simulate cerebrospinal fluid as this was lost during harvesting. Tests were recorded with a high-speed video camera and the maximum deformation of the cord and time to maximum deformation were determined. This data was used to validate the finite element model. The finite element model was built using 8-noded elements in both the structural and the fluid models. The material properties of the spinal cord and the dura mater were taken from previous experimental studies on bovine specimens [6,7] and were both modelled using non-linear material models. The cerebrospinal fluid was modelled as an incompressible fluid with properties previously defined for saline solution. An implicit integration method was used to provide the appropriate solutions at each step.
RESULTS
Convergence tests were performed to ensure the stability of the solutions. The finite element model gave similar results to the experimental study with the presence of the cerebrospinal fluid giving rise to a significant decrease of the deformation of the cord. The computational model also revealed a different cord displacement pattern to that assumed to occur during the experimental tests. The computational model revealed two deformation peaks instead of one in which the cord was found to deform anteriorly before complete collapse of the fluid layer behind it, resulting in the first peak. A second peak was observed after the collapse of the posterior fluid layer due to the impact of the spinal cord with the posterior element, resulting in a second, lower maximum deformation. These cord deformations are illustrated in figure  1 .
The finite element model also gave similar trends to the experimental tests with a decrease in bone fragment impact area giving rise to an increase in spinal cord deformation. The effective stresses within the cord also increased with a decrease in impact area. 
DISCUSSION
The findings of the present study confirm that the cerebrospinal fluid plays a significant role in the protection of the spinal cord during trauma and should therefore be included in all future models. It also shows the importance of the enhanced visualisation, available with finite element models, for the complete characterisation of the biomechanics of the trauma: the fact that substantial deformation of the cord occurred before complete subdural collapse was not detectable in the experimental study. This study has also highlighted the importance of the size of the bone fragment impact area to the biomechanics of the injury. As previously mentioned, a positive correlation between amount of cord deformation and neurological deficit has been found and a higher injury energy may have a double negative effect since it may produce smaller bone fragments with higher velocities, both increasing the cord deformation [2] .
A limitation of the present study is the anatomical simplicity of the models. Besides epidural contents and longitudinal ligaments, the finite element model did not include arachnoid trabeculae or nerve root attachments between the cord and the dura mater.
Unfortunately there is limited information on the effect of stresses and strains on neuronal cells and axons. Furthermore, most combined mechanical and histological studies have used the drop-weight method to simulate acute spinal cord injury, which is not as representative of the actual situation as a transverse impact of the cord. An animal study of the transverse impact characterizing the internal microstructure after the insult may be useful for the future development of preventive and/or curative methods.
